A new method of analysis for ultra-trace quantities of uranium in aqueous samples has been developed with a detection limit of 4 xlo-14 M (l0-5 ppb, 0.01 pg/mL). This detection level is considerably less than the average concentration of 0.1 ppb uranium found in natural groundwaters. The procedure consists of an initial co-precipitation of the solution uranium with calcium fluoride, calcination at 800 °C, and monitoring the uranium content by laser-induced fluorescence excitation (LIFE). Analytical data using this technique are presented for previously analyzed groundwater samples containing 10-6 -lo-7 M uranium. The fluorescence yield dependence on calcination time and temperature and on cation and anion interferences is discussed.
INTRODUCTION
The ability to rapidly and conveniently determine extremely small quantities of uranium in the geologic environment is desirable from several standpoints. The recent emphasis on a more complete understanding of the migration of actinide materials through soils and various types of mineral deposits (especially around nuclear waste repositories) requires rapid, high sensitive analytical techniques. Hydrogeochemical exploration for uranium also requires routine analysis at very high sensitivity of a large number of samples in order to detect the presence of uranium ores through the groundwater concentration gradients they induce. Finally, an accurate and precise determination of uranium trace levels in geologic surroundings is important for basic geophysical research in radiometric age dating and terrestrial heat-flow phenomena.
Several methods of analysis for uranium have been reported in the chemical literature (1) , many of which involve initial separation or enrichment techniques. The technique reported here (2) has considerably lower detection limits for the determination of uranium but is still simple enough for routine laboratory use. It involves a coprecipitation of the uo 2 2 + ion from solution in a CaF 2 matrix and subsequent sample preparation closely patterned after those used by Wright and co-workers (3) (4) (5) in their study of lanthanide ion substitution in a CaF 2 crystal. This is followed by air calcination of the precipitate at elevated temperatures. The co-precipitated uranium is then spectroscopically monitored by laser-induced fluorescence excitation (LIFE).
This report describes the technique used for the co-precipitation of uranium in calcium fluoride matrices, experimental parameters (such as 3 calcination temperature and time, initial uranium concentration in solution, and interfering cations and anions) that affect the concomitant fluorescent yield, spectra and intensity of the samples, and the instrumentation used to obtain the spectra. Detection limits, uranium co-precipitation efficiency, and selectivity are discussed, along with the results of the application of the technique to actual uranium-containing groundwater samples.
EXPERIMENTAL SECTION

Reagents
Reagent purity is crucial at these concentration levels, and a number of 
RESULTS AND DISCUSSION
A number of workers have studied the luminescence of uranium in CaF 2 .
Lupei and Lupei (6) reported a phosphorescent spectrum exhibiting a zerophonon line centered at 521.25 nm (19184 cm-1 ) with associated vibronic side structure. Their studies indicated that the luminescent species most probably has a distorted octahedral uo~-structure. Nicholas (7) According to Nicholas, these lines are due to uranium clustering and are called Type II spectra. Lines contained in the Type I and II spectra appear as pronounced bands in the fluorescence emission spectra obtained in this work (Figure 2 ).
In the present study, the fluorescence yield of coprecipitated and calcined uranium was measured at nine excitation wavelengths from 457.9 nm to 568.2 nm using a combination of krypton ion and argon ion lasers as the excitation source. The maximum fluorescence yield occured at 488.0 nm, which was therefore chosen as the excitation wavelength for this work. The fluorescent technique, however, is extremely sensitive to contamination, which significantly reduces its utility in many applications.
This liability is greatly diminished in the present method by the coprecipitation which concentrates the uo~+ 50-100 times from solution while rejecting most solution impurities. The calcination further enhances the sensitivity by destroying most organic contaminants and increasing the quantum efficiency of the uranium.
Three surface water samples from a natural slough were analyzed using the present technique. High uranium concentrations (320 ~ 30, 162 ~ 20, and 65 ~ 6 ppb) had been detected in these filtered (0.45 micron filter) water samples in a previous study (8 storage period (ten months) between the two sets of uranium determinations.
The technique was also successfully applied to municipal water supplies that contained uranium at the lo-10 M level. These measurements were undertaken to see if any unknown interference problems would be encountered in the analysis of natural water samples. 
